Abstract -We investigate the effect of carrier dynamics on the temperature dependence of photoluminescence spectra from InAs/GaAs quantum dot heterostructures with different dot size uniformity. Intersublevel relaxation lifetimes and carrier transferring mechanisms are simulated using a model based on carrier relaxing and thermal emitting of each discrete energy level in the quantum dot system. Calculated relaxation lifetimes are decreasing with temperature and have larger values for samples with lower size uniformity. In the quantitative discussion of carrier dynamics, the influence of thermal redistribution on carrier relaxing process of quantum dot system is demonstrated by our model.
INTRODUCTION
The requirement for high performance optoelectronic devices has spurred much experimental effort directed toward understanding and exploiting the electronic and optical properties of quantum dots (QDs). The relaxation dynamics in the zero-dimensional QD systems is expected to differ qualitatively from higher-dimensional systems, since the density of states is a series of δ-functions. The limited number of states available for carriers impairs carrier relaxation toward the ground state ("phonon bottleneck" effect) [1] − [3] . In addition, the finite degeneracy of each QD state leads already to state filling effects when few carriers populate the lowest dot states. Both effects possibly result in intersublevel relaxation rates that are comparable to interband recombination rates and have been used to explain observed photoluminescence (PL) from excited states of QDs [4] , [5] . The physics of carrier relaxing between intersublevels in various QD systems has been extensively studied. However, the effect of dot size, density, and uniformity on this mechanism, is still not fully understood [6] , [7] .
In this work, we study the effect of carrier dynamics in InAs/GaAs QD heterostructures using a rate equation model. Based on measurements of PL properties at different temperatures, we study the exciton relaxation lifetime and the thermal activation of two QD samples with different dot size density and uniformity. The temperature dependent intersublevel relaxation lifetimes are calculated, and the carrier transferring mechanisms in the QD system are quantitatively discussed in detail.
II. EXPERIMENTAL
Two InAs QD samples were grown by using a metalorganic chemical vapor epitaxy system. The substrates were (100) 2º−tilted toward (111)A Si-doped GaAs. The heterostructures included a 400 nm Si-doped GaAs buffer layer, an InAs QDs active region of 3 monolayers (MLs) and a 100 nm undoped GaAs capping layer. The growth rate was 0.1 ML/s and the growth interruption (GI) times during dot formation for the samples were set to 6 and 15 s, respectively. In order to investigate the average dot size distribution and shape, images of these samples were taken by high-resolution transmission electron microscopy (TEM) operating at 200 keV. PL measurements were performed under the excitation of a CW He-Cd laser emitting at 325 nm, with the incident power intensity being 20 mW. The samples were mounted in a closedcycle He cryostat, which allowed measurements in the temperature range from 15 to 280 K. The luminescence was dispersed in a 0.5 meter monochromator, and detected with a Ge photodiode using a standard lock-in technique. Fig. 1 shows plan-view TEM images of the samples. From the image in Fig. 1(a) (GI=6 s) , the InAs QD sample is found to have an average dot density of 2.4×10 10 cm −2 and an average dot diameter of 15 nm. Lower dot size uniformity is observed in this image and the sample is denoted as Low-SU sample. On the other hand, the sample shown in Fig. 1(b) has larger average dot size and higher dot uniformity as a result of the , respectively. The measured PL spectra at temperature T=15 K for the samples, as shown in the inset of Fig. 2 , both exhibit a pronounced double-peak structure. Emissions from the ground state and the excited state are observed. For Low-SU sample, the ground state and the excited state transitions are 1.05 eV and 1.11 eV. Smaller values of 1.01 eV and 1.08 eV are observed for High-SU sample with larger dot size. The full width at half maximum (FWHM) of the ground state and the excited state for Low-SU sample are 27.5 meV and 88.3 meV, while for the High-SU sample they are 26.8 meV and 79.6 meV, respectively. Because the broad linewidth is mainly determined by size fluctuation of InAs islands at low temperature, the measured data for High-SU sample are consistent with its better size uniformity [9] , [10] .
III. RESULTS AND DISSCUSSION
The temperature dependent ratios of ground state peak intensity to excited state peak intensity R ge (T) for High-and Low-SU sample are shown in Fig. 2 . At T=15 K, a larger value is observed for High-SU sample. It is reasonable to presume a shorter relaxation lifetime in this sample, resulting from its higher dot size uniformity. As the temperature increases to about 150 K, R ge (T) of this sample starts to increase rapidly, which we attribute to the thermal enhanced intersublevel relaxation rate according to the increase in the number of phonons predicted by the Bose distribution function: [11] . The curve for Low-SU sample is similar to that of High-SU sample, but showing a less increment of R ge (T) as the temperature increasing, agrees with the slower intersublevel relaxation rate of this sample.
In order to analyze the carriers transferring in QD system with temperature, we simulate the system under optical excitation by a rate-equation model. We consider four discrete levels of electron (labeled as i, i=1∼4) in the system, namely, the ground state (E 1 ), the excited state (E 2 ), the wetting layer (E 3 ), and the GaAs barrier (E 4 ). Carriers are injected from the GaAs barrier into the wetting layer at rate g, and then relax to the excited state of QDs. ( )
where τ i,i−1,0 is the intrinsic relaxation lifetime. The thermal emission of excitons is another mechanism that has to be taken into account. In QD systems, the thermal emission and retrapping of carriers in the excited state via the wetting layer is a typical explanation for the unusual decrease of PL linewidth in the mid-temperature range [12] − [14] . We express the thermal emission time of the i-th level as τ i,i+1 , and
where τ i,i+1,0 is the intrinsic thermal emission lifetime of level i.
Since the peak interval between the ground state and the excited state is much larger than the value of kT, the thermal emission from ground state to excited state is neglected in our model.
The system under steady-state conditions is then characterized by the following equations [11] , [15] : 
where n i is the number of carriers in the i-th level and n i =2if i n d (n d is the dot density and i=1, 2), taking spin into consideration. The last term in (3) is the nonradiative loss of excitons in wetting layer, and τ non is the nonradiative recombination lifetime. To obtain τ rad used in our model, we estimate the intrinsic exciton lifetime in QDs (τ QD ) at low temperature in terms of the exciton lifetime in a corresponding quantum well (τ QW ) by [16] . 2
Here k ex =2ʌn/Ȝ PL is the reciprocal wavelength of the emitted light in the quantum dot material, with the refractive index of InAs, and Ș is a measure of the lateral dot size. By using values of Ș=(1/15) nm −1 , n=3.6, Ȝ PL =1200 nm, and an exciton lifetime Ĳ QW =25 ps, the radiative recombination lifetime is calculated to be approximately 500 ps and assumed to be independent from temperatures. Rewrite (3), (4), and (5) at T=15 K where the thermal emission can be neglected, and combine with (1):
( ) ( )
The detected PL peak intensities of the ground and excited states are proportional to the values of n 1 and n 2 , respectively, thus τ 210 is determined by using (9) . Combining (8) and (9) and using a value of 30 ps for the carrier capturing lifetime by QDs [17] yields the value of τ 320 . Following a similar procedure, we get the value of g. Use these calculated parameters, the rateequation set (3)−(5) is solved numerically by fitting the temperature dependent integrated PL intensities of the ground state and the excited state. The parameters used in our calculation are listed in Table I . Fig. 3 shows the calculated intensities of the PL peaks. The calculations correlate well with the measured data. Observing the curves shown in the plot, peak intensities of ground state and excited state quench with increasing temperatures. It is noticeable that in High-SU sample, the quenching rate of ground state is slower than the excited state, which gives an evident proof for the faster intersublevel relaxation rate. In this sample, a lot of carriers relax into the ground state, thus the thermal quench of the ground state is slowed down. Calculated relaxation lifetimes of the samples under different temperatures are shown in Fig. 4 . At T=15 K, the calculated results are 340 ps and 163 ps for Low-and High-SU sample, respectively. The much longer relaxation lifetime in Low-SU sample is consistent with the prediction mentioned above. Besides, the lifetimes decrease as the temperature is raised from 15 to 280 K for both of the samples. These results agree with the increase in number of the Bose-distributed phonons.
The carriers transferring mechanisms are expressed more definitely in Fig. 5 by calculating the numerical values of carriers which transferring in excited state and wetting layer. A stronger dependence on temperature is obtained in Fig. 5(a) for Low-SU sample. According to the curves shown in the upper panel of Fig. 5(a) , thermally excited carriers from QDs to wetting layer increase rapidly within the temperature range 100−200 K. At T>200 K, the number of emitting carriers saturates and then decreases. Consulting to the plot shown in the lower panel of Fig. 5(a) , carriers relaxing from wetting layer to excited state also increases at T=100−200 K, indicating the fact of thermal redistribution of carriers. Furthermore, emitting carriers growing up as T>200 K, here the temperature is high enough for carriers escaping to the GaAs barrier and irreversibly lost. The thermal loss reduces the excitons in wetting layer, which in turn suppresses the carriers transferring in the excited state. Calculation for High-SU sample is shown in Fig. 5(b) . Comparing the simulation results to that of High-SU sample, it is clearly seen in the upper panel that the calculated radiative recombination term possesses a less important portion of the transferring carriers. The calculated result is consistent with the shorter relaxation lifetime of High-SU sample. Because most of the injected carriers relax to the ground state, fewer carriers exist in the excited state. The thermal redistribution of carriers in the QD system is then retarded; thermal emission occurs at a higher temperature and the amount of thermally escaping excitons is smaller than that of Low-SU sample. Consequently, the simulated results exhibit a similar but weaker response to temperature change. It is obvious that the dot size uniformity of the QD systems plays an influential role in the carrier relaxation process.
IV. CONCLUSION
In this article, we have investigated the carriers transferring mechanisms of quantum dots heterostructures experimentally and theoretically. The relaxation and thermal emission of carriers are analyzed quantitatively by a rate-equation model. Samples with different dot size uniformities, derived from the TEM images and the PL spectra, are simulated by our model to obtain the temperature dependent intersublevel relaxation lifetimes. Besides, the numerical values of transferring carriers in discrete energy levels under different temperatures are also calculated. The shorter relaxation lifetime of the sample with better size-uniformity implies a restricted phonon bottleneck effect, and the unapparent change of excitons with temperature in each energy level reveals a better thermal stability. We conclude that the size-uniformity of quantum dots is of essential importance for thermal activated mechanisms in quantum dot systems.
